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Abstract 
Measurement of the electromagnetic properties of a material sample with simpler 
procedures and greater accuracy is very desirable in the design of radio frequency and 
microwave equipment. Real-time complex calculations and instantaneous results are 
possible using modem measuring equipments such as the vector network analyzer. 
Measurement and analysis of various transmission lines using S-parameters have been 
developed by others. In this thesis we have attempted to develop a simpler method to 
determine the complex permittivity and permeability using the transmission and 
reflection method with a material filled transmission line. Schemes for simultaneous 
measurement of the relative permeability and permittivity are developed using a 
combination of hardware and software tools to make the procedure simpler and efficient. 
iv 
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Radio frequency (RF) and microwave measurements have become simpler with 
the development of new approaches, simpler procedures and new vector network 
analyzers (VNA) that have an integrated computer to deliver immediate results. 
Measurement of material properties has always been a challenge for engineers. Instant 
verification of the properties of materials used in microwave devices saves design time, 
improves the documentation and increases the performance of the design. In this thesis 
we attempt to develop a simple procedure to measure such material properties as relative 
permeability and relative permittivity of a given material using material filled 
transmission line sections. 
Relative permeability and permittivity are two important properties of an 
engineering material that determine its electromagnetic characteristics. Permeability and 
permittivity are related to the magnetic and electrical polarizabilities of the material, 
which show how the material behaves when it is subjected to electromagnetic fields. 
Determining this property is essential for designing such RF devices as phase shifters. 
Although measurement of material properties using rectangular waveguides has been 
well reported, little work has been done using coaxial lines, which can be more cost 
effective and time efficient. 
Coaxial lines have many advantages over rectangular waveguides. The dominant 
mode of propagation is only transverse electromagnetic (TEM) over a broad range of 
I 
frequencies, and the cutoff frequency is zero. Analysis of TEM waves is simpler, which 
reduces the computational complexity of the calculations and thus processing time. As an 
integral part of this research, we developed interactive software in Labview 7 [2] which 
takes measurement values directly from the vector network analyzer, analyzes the data, 
and displays and stores the result. 
1.1 History 
Complex permittivity and permeability information is needed in many areas of 
basic and applied research in science and engineering. Different areas of application need 
different methods, as the materials used differ widely. Dielectric materials used in 
different components need accurate values of their dielectric properties as functions of 
frequency. This creates a need for a reliable, fast and efficient procedure to measure these 
values. 
Many methods have been developed over the years to measure permittivity and 
permeability of materials. Every method is limited to specific frequencies, materials, 
applications etc., by its own constraints. For example, the Q resonant cavity method, the 
most accurate method to measure high frequencies, is limited to a narrow band of 
frequencies. Electromagnetic properties of materials, are in general frequency dependant. 
Measurements for the simultaneous determination of the permittivity and permeability 
were made for many years using short-open circuit method using a slotted line. Nicolson 
and Ross [3] introduced procedures for obtaining broadband measurement for the time 
and frequency domains. These techniques suggested the use of scattering parameters (S­
parameters) to yield expressions for permittivity and permeability. The Nicolson and 
2 
Ross method, when applied to networks in the frequency domain, introduces certain 
amount of uncertainty because of the uncertainty in the sample length. A sample length 
comparable to wavelength produces error prone results. Efficient methods using various 
transmission lines were developed that overcome uncertainty issues[4]. 
1.2 Scope of the Thesis 
The main focus of this thesis has been to translate the material testing procedures 
developed for rectangular waveguide with the dominant TE10 mode, to a procedure using 
a coaxial line with TEM mode as the dominant mode of propagation. The following 
chapters describe a systematic approach with derivations, development, and 
implementation of the procedure. 
1.3 Approach 
Various techniques have been developed over the years to make measurements 
and estimate the values of unknown quantities in electromagnetic circuits. New 
techniques have evolved with newly developed instruments like the vector network 
analyzer to make measurements simpler and faster. The advent of the ability to measure 
S-parameters more accurately helps in developing simpler procedures. 
1.3.1 Mathematical formulation 
The first step is to understand the existing state of the art measurement methods, 
and then develop an improved method. In our research efforts, we developed a prototype 
for coaxial line (TEM mode) measurement of the permittivity and permeability of 
3 
material based on the existing technique developed for a TE10 mode rectangular 
waveguide [l]. 
1.3.2 Simulation 
Based on transmission line theory, we established formulas equivalent to those of 
rectangular waveguides, and simulated different modes using the High Frequency 
Structure Simulator software (HFSS) developed by Ansoft [5]. The S-parameters 
obtained from this software, which uses finite element analyses for this purpose, is 
introduced and the required formulas derived. Known samples are simulated to verify the 
results. The characteristic impedance of the coaxial line as maintained at the 50.Q 
standard used in RF equipment. 
1.3.3 Prototype 
Prototype models using rectangular waveguide and coaxial lines are designed and 
implemented to verify the validity of the method. The coaxial models are designed with a 
500 characteristic impedance. A vector network analyzer Agilent 8753 ES with 
appropriate calibration kits is used for these measurements. 
1.3.4 Analysis 
Measured values are input into a program designed using Labview 7 to perform 
numeric calculations. The results obtained, in text and graphical form, are also verified 





The electromagnetic properties of dielectric and magnetic materials that can be 
used as passive or active devices (depending on the application) must be known for better 
engineering. Materials for passive devices must have no variation in their characteristics 
under the influence of electromagnetic fields, but materials for active devices must have a 
desired variation. Teflon is a passive dielectric material commonly used as connectors 
and substrates, while ferrite is a magnetic material widely used in such active devices as 
phase shifters and circulators. 
Two important electromagnetic properties of materials are the complex 
permittivity E and the · complex permeability µ. The complex permittivity and 
permeability of a medium together determine the velocity and loss of electromagnetic 
propagation through that medium. 
2.1 Permittivity 
The permittivity E of a medium is defined as the ratio D / E, where D is the 
electric displacement in coulombs per square meter (C/m2) and E is the electric field, in 
volts per meter (V/m). Both the real and imaginary parts of the permittivity may be 
nonlinear functions of frequency ro. Since this leads to dispersion of signals containing 
multiple frequencies, such materials are called dispersive. 
This frequency dependence arises from the fact that a material's polarization does 
not respond instantaneously to an applied field because the response must always be 
5 
causal and the dielectric function E(co) must have poles only for co with positive 
imaginary parts. However, in the narrow frequency ranges often studied in practice, the 
dielectric function can often be approximated as frequency-independent. At a given 
frequency, the imaginary part of E leads to absorption loss if negative, and gain if 
positive. 
Permittivity is specified in farads per meter (F/m). It can also be defined as a 
dimensionless relative permittivity, or dielectric constant, normalized to the absolute 
vacuum permittivity Eo = 8.854 10-12F/m. 
In a polarized dielectric material, an equivalent charge distribution that creates an 
equal polarization electric field opposite to the applied filed, is generated by the applied 
electric field. The polarization is proportional to the applied electric field is given by 
- -
P=aE, (2.1) 
where a. is called the dielectric polarizability. The polarization electric field E8 can be 
related to the polarization by 
(2.2) 
where EA is the applied electric field. Also 
(2.3) 
where� is the electric susceptibility. The displacement flux D is defined by the relation 
- - - -
D = e0 E + P = £0 (1 + Xe )E = eE. 
Therefore the complex permittivity of the medium is 
£ = £1 - je" =e
o




where the imaginary part accounts for loss in the dielectric material due to damping of 
the vibration dipole moments. The loss dielectric material may also be considered an 
equivalent conductor loss. 
A dielectric material is a substance that is a poor conductor of electricity. An 
important property of a low loss dielectric is its ability to support an electrostatic field 
while dissipating minimal energy in the form of heat. 
2.2 Permeability 
Permeability is the degree of magnetization of a material in response to a 
magnetic field. Relative permeability, sometimes denoted by the symbol µr and often 
simply by µ, is the ratio of the absolute permeability to the permeability of free space 
µo = 41t x 10-7 N-A-2. Most materials exhibit a low level of magnetic properties, but the 
effect is significant in such materials as Ferrite, Nickel and Cobalt, and the dielectric 
effects are also significant. In such materials the magnetization M is not linearly 
proportional to the magnetic field H. Magnetic dipole moments are responsible for the 
behavior of magnetic materials. An applied magnetic field causes the dipole moments to 
align, and the material is said to be magnetized. Some materials enhance the applied field 
and those are called paramagnetic. Some materials such as iron and cobalt retain their 
magnetization even after the applied field is removed, and these are called ferromagnetic. 
Circulating currents on the atomic scale causes the magnetic moment in these materials. 
The dielectric and paramagnetic phenomena have a similarity in the relation 
between the applied fields and the resulting polarization or magnetization, described by 
the following relations. The magnetic field is given by 
7 
(2.6) 
where H is magnetic field intensity and Pm 1s the magnetization or magnetic 
polarization. The magnetic polarization is 
(2.7) 
where Xm is the complex magnetic susceptibility. Now the magnetic field is given by 
- - -
B = µo (l+ Xm )H =µH' (2.8) 
where µ = µ0 (1 + Xm ) = µ' - jµ" is the permeability of the medium. The imaginary part 
accounts for loss due to damping forces. There is no magnetic conductivity in Eq.(2.8) as 
there is no current of magnetic monopoles. Magnetic materials may be anisotropic, and 
their tensor permeability can be written 








where E andµ may be complex and or tensors. These material properties can be analyzed 
using transmission lines and the following chapters describe the various methods and 




A uniform transmission line is defined as one whose dimensions and electrical 
properties are identical in all the planes transverse to the direction of propagation. There 
are different types of transmission lines, such as two pair wire lines, rectangular wave 
guides, coaxial lines, strip lines etc., and there exists different modes of transmission in 
transmission lines like TE, TM and TEM modes. 
3.1 Measurement Techniques 
3.1.1 Rectangular waveguides and TE10 mode 
Hollow rectangular waveguides are used for frequencies above few hundred MHz 
as they have a high power handling capability, lower loss per unit length, and a simple, 
low cost mechanical structure. Figure 3-1 shows a rectangular waveguide with inner 
dimensions a and b, the width and height, respectively. The various field components 
propagating through this wave guide can be written as 
ti X ·p 
Hz=A10COS-e-
1 z (3.1) 
a 
where A is a constant and f3 is the phase constant. The electric and magnetic component 
is given by 
E - - jmµa A . n X -j/Jz 
Y - 10 sm-e , 
1l a 
( )-
jf3aA . nx -i/Jz H
x 









,,,/ fa. n. 0) 
Figure 3-1: Rectangular wave guide. 
k = 1l and 
a 
P = FITT 
Detailed expressions are given in Appendix C. 




Figure 3-2 shows a coaxial line that has a center conductor concentric to the outer 
conductor. The outer radius of the inner conductor is denoted by a and the inner radius of 
the outer conductor by b. TEM waves are characterized by Ez=O and Hz=O. The field 
components propagating through a coaxial line in this mode is given by 












a- outer radius of inner conductor 
b- inner radius of outer conductor 
Figure 3-2: Coaxial line. 
a 
Z0 = 60ln(-), b 
P = wfµe = k , 
Its cut off wavelength is zero and Ag = A for the TEM mode. 
3.1.3 S-parameters and measurement techniques 
II Outer Conductor 




S-parameters and characteristic impedances are unique for test materials under 
specified conditions. In making measurements, we would like to measure the properties 
of a known material like air first, and then use similar operative conditions and test 
procedures to study the properties of other unknown materials. Figure 3-3 shows the 
incident and reflected waves that contribute to the S-parameters. These S-parameters are 
measured over a particular frequency range using a network analyzer [6]. Mathematical 
techniques like de-embedding [2] are applied to extract the S-parameters that characterize 
the material The point at which the calibration is performed is called the calibration plane 
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p p 
0 ---. ---. ---. ---. 0 
r ,..__ --• .__ r 
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1 
Zo Zob Zo 
Figure 3-3: S-parameter description. 
A section of a wave guide or coaxial line that contains the material under investigation is 
called the Device Under Test (OUT). The OUT includes waveguide transitions or coaxial 
connectors and the Material Under Investigation (MUI), which is connected between 
cables of the network analyzer. 
As electromagnetic wave within a specified frequency range is passed from Port 1 
to Port 2, as shown in Figure 3-3. When the wave encounters the test material surface, a 
part of the energy is reflected with the reflection coefficient r 12 and the rest of the energy 
is transmitted with the transmission coefficient T 1 2. The transmitted wave travels for a 
distance l inside the material, and a part gets reflected with reflection coefficient r 23 
against the wall along the direction of propagation, and a part is transmitted with 
coefficient T2 1 , and so on. The reflected waves at the measurement plane constitutes S 1 1 , 
which can be expressed as 
(3 . 1 5) 
12 
where T = e-11 , 'Y is the propagation constant [8], and l is the length of the material under 
investigation. Similarly S21 may be written 
S21 = T1 2 TT23 + T1 2 Tr23 Tf2 1  TT23 + T12 Tf23Tr2 1TT23 (3.16) 
The wave experiences a change in characteristic impedance as it encounters different 
media along its path. The reflection coefficient is given by 
(3.17) 
where Zob is the characteristic impedance of the material and Zo is the characteristic 
impedance of air for the same dimensions. The propagation constant yf can be written in 
terms of S-parameters [ 1] as follows 
1 2 2 
,,A) = h-1 ( 
- Sn + S21 ) . ,..., cos 2S21 
(3.18) 




Za YA er = --- . 
jZ0b 2n 
(3 .20) 
A detailed derivation of these quantities is presented in Section 3.2. The S-parameters of 
the DUT contains the effect the air configuration and the material under investigation 
(MUI), and they need to de-embedded to represent the true value of the MUI. Figure 3-4 



















Figure 3-4: S-parameters with extended ports. 
material under investigation (MUI). The transmission parameter of DUT may be written 
(3.21) 
where Ta represents the converted S-parameters Sa of the left-hand side section, and Tb 
represents the converted S-parameters Sb of the right-hand side section. The S-parameters 
of the MUI can be obtained by transforming Tm 
(3.22) 
The S-parameters Sa and Sb can be obtained by two methods. One is by using 
simulation, and the other is the port extension technique explained in Appendix B. 
Simulation can be done by well known software such as HFSS from Ansoft. The 
dimensions, material, and boundary conditions are chosen to simulate actual DUTs. 
Vector network analyzers are capable of mathematically compensating losses due to the 
extension of ports, with certain limitations. This port extension feature of modern 
network analyzers can be used to fit our needs. 
Ports can be extended on either side to include the walls of the material under 
investigation to directly measure the S-parameters. However, this approach is error prone 
14 
in that it has been observed that extending ports to measure very small length does not 
necessarily yield accurate S-parameters. Port extension combined with a de-embedding 
technique yields better results. 
The ideas presented in [ 1] have been extended to coaxial line structures to obtain 
the complex permeability and permittivity of a ferrite material subject to a magnetic field 
for which the amount of phase shift due to change in material properties. 
3.2 Mathematical Formulation 
With knowledge of the transmission line characteristics and S-parameters we can 
establish a relation between the material characteristics and the S-parameters. The 
derivation for the TEM mode waves for two conditions, with and without losses, is 
presented below. The intrinsic impedance is given by 
and the wave number is 
k = 21lj./eµ .  
Multiplying Eq. (3.23) and Eq. (3.24) we get 
k 
µ = 1J 2nf
. 
Dividing Eq. (3.24) with Eq. (3.23) gives 
k(2nf) 
£ = ---





3.2.1 TEM mode 
In the TEM mode, the intrinsic impedance is equal to the characteristic 
impedance, 
(3.27) 
and the wave number is equal to the phase constant for the lossless case, 
k = /3 . (3.28) 
From Eq. (3.25), Eq. (3.27) and Eq. (3.28) we get the permeability and permittivity in 
terms of observed quantities 
µ = z ob P  and 
21l[ 




A derivation with the propagation constant y for a more general case, using S-parameters 
is as follows. If we define 
k = -jy ' 
The product of S 1 1  and the reflection coefficient can be written 
Subtracting 1 on both sides yields 
and cross multiplying, one obtains 
i - s r = 
1 - r2 





Similarly by multiplying transmission coefficient with S 1 1  instead of the reflection 
coefficient yields 
and further, 
Multiplying 1/f on either side and solving for r , 
one obtains 
Equating Eq. (3.34) with Eq. (3.37), 
and cross multiplying S 1 1  yields 
S21 = 1- S r T n , 
Bringing similar terms of Eq. (3.39) to one side yields 











Substituting Eq. (3 .4 1 ) in Eq. (3 .40), 
T - -� - e  ' 
1 + e-2,t - l - S 1 1  
2 + S 21 
2 
e->l S21 
The left hand side of Eq. (3 .42) can be written by taking e->l to the numerator, as 
2 2 
(1 -2,t) ,t _ l -
S1 1 + S 21 + e e - -.....:.:.-�;.... 
s 21 
Multiplying by e>l and ½ , one obtains 
or 
1l -,t 1 s 2 s 2 e + e _ - 1 1  + 21 
2 2S 21 
2 2 
cash(,£) = 
1 - sl l  + s 2 1 
2S 21 





Eq. (3 .45) gives the relation between the propagation constant and the S-parameters, 
3.2a Implementation 
2 2 
11117 = -1 ( 






The S-parameters are obtained from simulation or measurement, and the 
reflection coefficient [ 1 ]  r is given by 
(3 .47) 
Where Z
0b is the characteristic impedance of the waveguide filled with the material and 
Z
0 
is the characteristic impedance of the waveguide when filled with air. 
1 8  
From Eq. (3.34), 
Eq.(3.47) can be rewritten as 
Z = Z 
(l + r) 
ob O (l - f) ' 
Eq. (3.29) and Eq. (3.30) can be written as 
ZooAY d µ, = ·z 2 an J O 1l 







The relationship between the characteristic impedance, the propagation constant and 
wavelength for the TEM mode is shown in (3.49) and (3.50). Section 3.2.2 contains the 
derivation for the TE10 mode associated with the waveguide. 
3.2.2 TE10 mode 
The intrinsic impedance of a rectangular waveguide is related to the wave 
impedance, the phase constant and the wave number by the relation 
- jy 1J = Zob -
k
- , (3 .5 1 )  
where the phase constant is a function of the broad side of the waveguide wall a the 
relation is given by 
(3.52) 
Eq. (3.52) can be rewritten as 
19 
from Eq. (3 .23), Eq. (3 .24), Eq. (3 .51)  and Eq. (3 .53) we get 
and 






Here we provide a derivation using y and S-parameters for the lossy condition 
T - -,-£ - e  ' 
applying steps described in Eq. (3 .3 1 )  through Eq. (3.46). 
(3 .56) 
The S-parameters are obtained from simulation or measurement of the reflection 
coefficient [ 1 ] r ,  given by 
(3 .57) 
where Z0b is the characteristic impedance of the waveguide filled with the material and 
Z0 is the characteristic impedance of the waveguide when filled with air. 
From Eq. (3 .34) 
(3 .58) 
20 
and Eq. (3 .57) can be re written as 
z - z  
(l + f) 
ob - 0 (1 - f} · 





Eq. (3.54) and Eq. (3 .55) can be used to obtain the relative permeability and the relative 
permittivity of the given material by measuring the S-parameters. 
3.3 Calibration Techniques 
3.3.1 Definition 
Calibration is a procedure that involves comparison of unknown values with 
known standard values and the determination of the deviation from known values. 
Calibration increases accuracy and consistency. The following section briefly describes 
three types of calibration that can be used for measurement of interest in this work. 
3.3.la Adapter Removal Calibration 
Adapter removal calibration is employed for non-insertable devices where a 
standard "thru" [9] is not available and the connectors of the cable are of same type. A 
detailed description of the procedure is given in Appendix A. 
3.3.lb Full two port calibration 
2 1  
In our measurement we used the Agilent 85045B N-Type [9] calibration kit to 
perform full two port calibration, one of the most accurate methods that uses thirteen 
point error calculation to compensate errors. 
3.3.lc S11  one port calibration 
This method is also called reflection calibration, done at port 1 to compensate the 
effect of losses in the cable and connector. In our analysis S 1 1 calibration was employed 
as a step in adapter removal calibration. 
3.3.ld Port extension technique 
Port extension is an option in vector network analyzers that mathematically 
extends the boundaries of ports and compensates for the variations or errors due to the 
extension. Ports can be extended backward or forward with respect to the calibration 
plane. Port extension is done after calibration but before measurement. 
3.3.2 De-embedding 
De-embedding techniques can be applied to obtain the S-parameters of the sample 
under investigation in situations in which direct measurement is limited by various 
factors such as non-availability of connectors or measuring non-solid samples, etc. Figure 
3-5 shows three different regions. The notation Sd represents the S-parameters due to the 
device/sample under investigation. Sa and Sb represents the S-parameters due to regions 
other than device under test. 
The S-parameters due to regions A and B can be either simulated using software 
or measured using port extension techniques. These S-parameters can be used in the 
relation 
22 
- � - - - -- -------------------------





S12a S 12ct S 12b 
Figure 3-5: Equivalent circuit with S-parameters and regions. 
where the T parameters are obtained using the formula 
T = a s21a 
- s22a 
s21a 
Similarly, for Tb and Tm, we know that 








the T parameters for the device under test can be obtained using Eq. (3.87), and the S­
parameters can be obtained from the following relation, 
T12m Ti im · T22m - Ti2m · T21m 
(
Sum S12m ) =  T22m T22m 
s21m s 22m 




Accuracy of the S-parameters de-embedded from measured S-parameters depends on the 
accuracy of the estimate of Sa and, Sb and the accuracy with which Sm is measured. 
3.4 Test Equipment 
3.4.1 Network analyzer 
The Agilent 8753 ES vector network analyzer is an advanced piece of test 
equipment that measures S-parameters directly with Option 101 adapter removal. Its 
frequency range is from 5MHz to 40 GHz. 
3.4.2 Dimensions of the test components 
3.4.2a Coaxial line 
• inner radius of the outer conductor b = 0.14225" 
• Outer radius of the inner conductor a =  0.061" 
• Length = 1.5" 
3.42b Ferrite and Teflon pieces (for coaxial measurements) 
• Inner radius of the outer conductor b = 0. 14225" 
• Outer radius of the inner conductor a =  0.061" 
• Length = 0.063" ,0.126" 
3.4.2c Waveguide 
• Length a = 0.4" 
• Width b =0.9" 
3.4.2d Ferrite and Teflon pieces 
• Length = 0.4" 
• Width =0.9" 
24 
• Thickness =0.063" 
The techniques presented in this chapter are used to simulate and measure the samples 




The knowledge developed about transmission lines and various measurement 
techniques is applied in the following examples, which illustrate the determination of 
material properties using a coaxial line and a rectangular wave-guide. The S-parameters 
were obtained from both simulation and measurement for samples located in the coaxial 
line and the rectangular waveguide. The S-parameters obtained are analyzed with the 
formulae derived. Care was taken to maintain identical dimensions, type of materials, and 
frequency to ensure an accurate paired comparison of final values. 
4.1 Coaxial line 
4.1.1 Simulation 
The High Frequency Structure Simulator (HFSS) software from Ansoft was used 
to simulate samples of air, Teflon and ferrite. The dimensions were chosen in such a way 
that the characteristic impedance is maintained near 50 n. 
Figure 4-1 shows the coaxial structure used for simulation, and the shape of the sample 
used. 
4.1.la Procedure 
An outline of the structure to be simulated was drawn in the HFSS diagram 
window with inches as units. Once the diagrams were drawn, they were saved and 
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a :  Coaxial line used for simulation. 
0.063" 
b : Sample used for simulation. 
Figure 4-1 :  Coaxial section and sample used in simulation 
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checked for overlapping. The material of the sample was assigned appropriately in the 
material section. The frequency range was selected to be 0.5 GHz to 5 GHz. Calculations 
were carried out for 200 points in the discrete mode. The result obtained was saved in 
polar format that gives the magnitude and phase at a particular frequency. Figure 4-la  
and Figure 4-1 b show diagrams of the structures used in  simulation. The coaxial line of 
length 1 .5 inches is used with the center conductor specified as copper and the outer 
cylinder specified as air. The boundaries of the air cylinder were set to finite 
conductivity. The mesh points were created manually with the "mesh maker" section of 
the " Set up Solution" section of the HFSS software. Dense mesh points were used for 
better accuracy. Samples could be either simulated separately, or simulated within the 
structure. 
In the latter case, de-embedding is required to obtain the real S-parameters of the 
sample. The S-parameters so obtained were later exported and analyzed to verify the 
material properties using the derived formulae. 
4.1.lb Polar plot 
Polar coordinates were calculated from the exported real and imaginary results 
obtained from the simulation. Figure 4.2 shows polar plots of three simulated samples 
each with the same physical dimensions. The samples were formed like an annular ring to 
fit the coaxial line. The simulated samples were the exact dimensions of the actual 
machined samples. Figure 4.2 shows the S 1 1 reflection, S21 transmission parameters, with 
the magnitude and phase information in the same plot. Values closer to the center of the 
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S1 1 S21 
a : Polar plot for Simulated Air sample. 
S1 1 S21 
1-- Sirull.ted 'Villles: 
b : Polar plot for Simulated Teflon sample. 
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c : Polar plot for simulated ferrite sample. 
Figure 4-2: Continued. 
S 1 1 plot indicate a good match and low loss of energy between the two ports. Figure 4.2a 
shows the there is little phase shift in S21 for air but much more for the ferrite sample of 
Figure 4.2c, which has a high dielectric constant and high loss. Only S1 1 and S21 plots are 
shown, as they are sufficient for further calculations. 
4.1.2 Measurement 
4.1.2a Procedure 
Copper was used to design a coaxial line. The two ends of the coaxial line were 
connected with SMA connectors. Figure 4-3 shows the experimental set up. The Agilent 
8753ES vector network analyzer was used for the measurements. The S-parameters were 
obtained in real time. Software written in Labview 7 was used to collect and analyze the 
data. The first step in measurement was calibration. Adapter removal calibration was 
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Figure 4-3: Coaxial line used for the measurement. 
used; a detailed description of the procedure is available in Appendix C. Calibration and 
measurement were done for frequencies from 0.5 GHz to 5 GHZ, and the S-parameters 
were obtained for 200 frequencies in this range. Figure 4.4 shows the planes and ports 
used in the measurement. The calibration plane is location of the calibration, usually at 
the end of the cables connecting the network analyzer to the device under test. The 
measurement plane is where the actual measurement must to be done to obtain the S­
parameters of the sample. Techniques like de-embedding and port extension can be 
applied to extract the required S-parameters from the measurement. 
4.l.2b Polar plot 
Polar plots are drawn using values obtained from the network analyzer 
measurements, and real and imaginary values of the S-parameters are calculated using a 
program written in Labview 7. Figures 4.5, 4.6, and 4.7 show the S1 1 and S21 plots of the 
3 1  
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Measurement � Sample 
Figure 4-4: Planes and ports 
S 1 1  S21 
Figure 4-5: Polar plot of Air sample measurement in coaxial line. 
S1 1 S2 1 
Figure 4-6: Polar plot of Teflon sample measurement in coaxial line. 
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Figure 4-7: Polar plot of Ferrite sample measurement in coaxial line. 
three samples being analyzed; air, Teflon and ferrite. The S1 1  plot shows the amount of 
energy reflected from the source. This energy reflection results from a change in 
characteristic impedance and mechanical imperfections in the medium. The S21 plot 
shows the amount of energy transmitted. 
Network analyzers are capable of showing different formats like Log mag, phase, 
Smith chart, etc. but they are all internally calculated using algorithms. It is difficult to 
place the sample exactly at the mid-plane of the coaxial line. De-embedding techniques 
can be applied to retrieve the S-parameters of the sample, but that would be less accurate 
than direct measurement, since such techniques involve matrix and algebraic calculations. 
4.2 Rectangular Waveguide 
4.2.1 Simulation 
The High Frequency Signal Simulator software (HFSS) from Ansoft was used to 
simulate three samples air, Teflon and ferrite. The dimensions were chosen in such a way 
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a: Sample used for simulation. 
b: Waveguide and ports. 
Figure 4-8: Simulation schematics. 
that the characteristic impedance is maintained near 50 Q. Figure 4-8a shows the 
rectangular structure used for simulation and the shape of the sample used. 
4.2.la Procedure 
The outline of the sample to be simulated was drawn in the HFSS diagram 
window as shown in Figure 4-8 , with inches as units. Once drawn, the diagrams were 
saved and checked for overlapping. The sample material was assigned using the 
software's "material section". Boundary· conditions were selected as shown in Figure 4-
8a. The frequency range was chosen to be 10 GHz to 12  GHz. Calculations were carried 
out for 200 points in the discrete mode. The result obtained was saved in polar format, 
which gives the magnitude and phase for a particular frequency. Simulation of 
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rectangular waveguides needs more settings than coaxial lines, especially when defining 
ports. Impedance and calibration lines need to be defined and during the solution 
preprocessing the "dominant mode" should be selected to calculate only the TE 10 mode. 
4.21b Polar Plots 
Figure 4-9 ,4-10 and 4-11 show the polar plots of the initial values of the S­
parameters that are to be used to calculate the relative permeability and permittivity, as 
discussed in the following chapter. These plots represent variation of the S-parameters of 
three different materials with the same dimensions probed by a band of frequencies. A 
variation in S-parameters indicates variation in material properties. 
4.2.2 Measurement 
4.2.2a Procedure 
A rectangular wave-guide with cross sectional dimensions of length a = 0.9 "  and 
width b = 0.4 "  was chosen. The operating frequency range selected was 10 to 12GHz 
S1 1 S2 1 
1-- Smlllatad Vu.es I 
Figure 4-9: Polar plot for simulated Air sample. 
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S1 1 S2 1 
1 --- S inulated Values 
Figure 4-10: Polar plot for simulated Teflon sample. 
S1 1 S21 
Figure 4-1 1 :  Polar plot for simulated Ferrite sample. 
36 
which reduced the size of the samples used. Figure 4-12 shows the experimental set up 
for the TE10 mode. The ''Thru Reflect Line" (TRL) procedure was used for calibration. 
As it is most suited for wave-guide measurements. The Agilent 8753ES vector network 
analyzer was used for measurement. Software written in Labview 7 was used to obtain 
and analyze the S-parameters in this experiment. Samples Air, Teflon and ferrite were 
measured and analyzed. 
4.2.2b Polar plot 
The results of measuring the three samples inside a section of waveguide are 
shown Figure 4-13, 4-14 and 4-15. Su and S2 1 values of the air sample show that there is 
a good impedance match, and the energy flows without much loss from port 1 to port 2. 
The Teflon sample shows little reflection and good transmission, as it is a low loss 
dielectric. However the ferrite measurements show higher reflection and very low 
transmission. 
Figure 4-12: Rectangular waveguide used for the measurement. 
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S1 1 S2 1 
Figure 4-13: Polar plot for measured Air sample. 
S1 1 S2 1 
J-- Measumd vm .. J 
Figure 4-14: Polar plot for measured Teflon sample. 
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S1 1 S2 1 
Figure 4-15: Polar plot for measured ferrite sample 
The S1 1  values are located away from the center of the polar chart, indicating 
greater reflection. The S21 values near the center of the polar chart indicate that little 
energy is transmitted. The initial S parameter values obtained from both simulation and 




The S-parameters obtained by both simulation and measurement are analyzed 
with previously derived formula to obtain the values of relative permittivity and 
permeability. The following section explains the implementation of the derived formula 
and also compares the results obtained by the two procedures. 
5.1 Coaxial Line Example 
The values obtained from the measurement, the S 1 1  (Reflection) and S21 
(Transmission) parameters contain information about the permittivity and permeability of 
the material . Eq.(5 . 1 ) shows the relation between propagation constant ;{ and the S-
parameters 
1 2 2 
'IA = 
h-• ( - S 1 1  + S21 ) • '" cos 2S21 (5. 1 ) 
The hyperbolic cosine term represents a lossy transmission line. The transmission 
coefficient can be obtained from 
(5 .2) 
(5 .3) 
The S-parameters are then substituted into Eq.(5 .3) and the value of the reflection 
coefficient obtained. The next step is to find the characteristic impedance which is related 
to the reflection coefficient 
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z = z (
l + f) 
ob O (l - f) (5 .4) 
where Zo is the characteristic impedance of an air sample with the same dimensions. The 
relative permeability and permittivity, which can be frequency dependent, are obtained 
using (5.5) and (5.6). 
5.1.1 Air sample 
Z0yA e = --­
, 1Z0b 2n 
(5 .5) 
(5.6) 
The simulated and the measured S-parameters are shown in Figure 5.1. The S 1 1  
plot shows there is a good impedance match. The measured values coincide with the 
simulated values for the �r sample, as there is little loss due to reflection. However, the 
S21 plot shows a slight deviation from the simulation. The values are not close to 1 for 
the same set of frequencies due to environmental conditions, which include changes in 
room temperature, mechanical imperfections, external radio frequency interference etc. 
but the plot nevertheless indicates that there is a good impedance match and little 
reflection. The relative permeability and permittivity of the air sample is obtained by 
(5.1) to (5.6). Figure 5.2a and 5.2b show the relative permeability and permittivity 
compared with simulated values. The values obtained were nearly equal to one for a wide 
range of frequencies. However sample length is an important factor in the analysis as the 
material properties are frequency dependent. There exists an nn ambiguity when the 
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Figure 5-1: Polar plot of air sample in coaxial line. 
Sample Air 
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a :  Relative permeability air sample in coaxial line 















1 .00E+09 1 .50E+09 2.00E+09 2.50E+09 3.00E+09 
Frequency 
I- Real-Sim - lmag-Sim - Real-Weas - lmag-Weas I 
b : Relative permittivity of sample air in coaxial line 
Figure 5-2: Continued. 
carefully selecting the sample length, usually by making the sample size less than half the 
wavelength. This gives relatively accurate answers for low loss materials or materials 
with a low dielectric constant. Option 101 on the network analyzer gives the flexibility to 
extend the ports beyond the calibration planes by calculating the errors due to extension 
using inbuilt algorithms, this procedure has limitations on the length of extension. Port 
extension combined with de-embedding yield better results for low loss materials. 
5.1.2 Teflon sample 
The material properties of a Teflon sample is analyzed in a similar manner. For 
TEM mode propagation, the characteristic impedance is different for the same sample 
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dimensions. This change in characteristic impedance allows us to determine the 
electromagnetic properties of the given material. The characteristic impedance of the 
coaxial line is given by the following equation 




This expression gives the relation between the characteristic impedance and the 
dimensions of the material, along with the relative permeability and permittivity that are 
unknown at this point. Eq.(5.4) relates the characteristic impedance of an air sample, to 
the unknown material with the same dimensions. Figure 5.3 shows the measured S­
parameters. There is a difference between the simulated and measured values for the 
same dimensions and choice of frequencies. The S1 1  plot shows more reflection than the 
air sample, since there is a change in characteristic impedance as the system is calibrated 
to a standard 50 Q (see Figure 4 in the previous chapter). The calibration plane is at 50 Q 
but the measurement plane has different impedance. The S21  plot shows more phase shift 
for the same set of frequencies as a longer length is used in the measurement. The 
uncertainty due to longer sample length is discussed in a later section in this chapter. The 
comparison between simulated values and measured values are shown in Figure 5.4. The 
relative permeability of the Teflon sample is almost the same as the simulated value. The 
relative permittivity slightly varies for at least for two reasons. One is that the post 
measurement calculations involve complex numbers [1] and the second reason is the 
existence of slight mechanical imperfections in the sample. But the values obtained seem 
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Figure 5-3: Polar plot of Teflon sample in coaxial line 
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5.00E+08 1 .00E+09 1 .50E+09 2.00E+09 2.50E+09 3.00E+09 
Frequency 
1- Real-Sim - lmag-Sim - Real-Meas - lmag-Meas I 
a :  Relative permeability of Teflon sample in the coaxial line 
Figure 5-4: Teflon sample result from coaxial line. 
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b : Relative permittivity of Teflon sample in the coaxial line 
Figure 5-4: Continued. 
equal to 1 and relative permittivity between 2 - 2.2. In the simulation relative permittivity 
is set to 2.2. 
5.1.3 Ferrite sample 
Figure 5-5 shows a polar plot of the simulated and measured S-parameters of a 
ferrite sample. The sample is analyzed in the same manner as the Teflon sample. Since 
this sample is an unknown material simulation is performed after the measurement data 
are analyzed. Ferrite is a non-linear material. Figure 5-6a shows the permeability near 
one since the values are tensorial due to spin waves [ 10]. Figure 5-6b shows the values of 
the relative permittivity, which averages to 11.6, closely matching the manufacturer's  
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Figure 5-5: Polar plot of Ferrite sample in coaxial line 
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a : Relative permeability of Ferrite sample in the coaxial line. 
Figure 5-6: Ferrite sample result from coaxial line. 
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Frequency 
I- Real-Sim - Real-fvleas - lmag-Meas I 
b: Relative permittivity of Ferrite sample in the coaxial line. 
Figure 5-6: Continued. 
can be performed with data provided by the manufacturer to verify the validity of the 
measurement. The imaginary values from the simulation are not shown in the figure, 
since the simulation is performed with the loss values input by the user that are unlikely 
to match the measured values. 
5.2 Rectangular Waveguide Example 
Rectangular waveguides have TE 10 as the dominant mode for the selected 
frequency range. The cut off frequency of a waveguide filled with air of the given 
dimension can be found using the relation 
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where c is the speed of electromagnetic waves in air, and a is the length of the long side 
of the waveguide. The cut off frequency determines the minimum operating frequency 
for a waveguide. The characteristic impedance (or wave impedance) for a waveguide 





where k = w.Jµi and y is the propagation constant. 
When the S-parameters obtained by measurement are used to find the propagation 
constant. 
1 2 2 ,.1 = h-t ( - S1 1  + S21 ) . I" cos 2S21 
with the transmission constant given by the relations 
and 
characteristic impedance that is related to the reflection coefficient 
z = z 
(1 + r) 





where � is the characteristic impedance of an air sample with the same dimensions. 
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k = � (5.11) 
(5.12) 




5.2.1 Air sample 
The simulated and the measured S-parameters for an air sample are shown in 
Figure 5.7. TRL calibration is usually used for waveguides. The S1 1  plot shows very good 
agreement between the simulated and measured values. The S2 1  plot is slightly different 
due to environmental factors such as room temperature and mechanical imperfections. It 
is necessary to maintain a constant temperature in high frequency measurements, as it 
plays a significant role, which could not be implemented during this research due at non­
availability of necessary equipments. The relative permeability and permittivity are 
calculated using equations (5.7) - (5.14) and are shown in Figure 5.8. The simulated and 
measured values are around unity, which is well known fact. The measured values agree 
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Figure 5-7: Polar plot of air sample in rectangular waveguide 
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b: Relative permittivity for air sample in Rectangular waveguide 
Figure 5-8: Continued. 
5.2.2 Teflon sample 
Teflon sample pieces were machined with a=0.9" and b=0.4" that fit snugly into 
the line section of 0.063" thickness. Figure 5.9 shows polar plots of the S-parameters of 
simulated and measured values. Teflon is a low loss dielectric material for which the 
measured values agree with the simulated values. The calculated relative permittivity and 
permeability are shown in Figure 5.10. The imaginary part seems to be above zero, which 
should be avoided with a more stable measurement environment and error correction 









S1 1 S2 1 
-- Measu•d 
Figure 5-9: Polar plot of Teflon sample in rectangular wave guide 
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a :  Relative permeability for a Teflon sample in a rectangular waveguide 
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b : Relative permittivity for a Teflon sample in a rectangular waveguide 
Figure 5-10: Continued. 
5.2.3 Ferrite sample 
Ferrite samples were machined with a=0.9" and b=0.4" with 0.063" thickness. 
Figure 5-11. shows a polar plot of simulated and measured values of the ferrite sample. 
The polar plot shows more reflection as the values of S 1 1  are far from the center and the 
S21 plot shows low transmission. The calculated relative permittivity and permeability are 
shown in Figure 5.12. The values of relative permeability of ferrite are near one since the 
values are tensor, possible in spin wave mode. The value of relative permittivity obtained 
is aboutl2, which agrees with the data table provided by the manufacturer. Since ferrite is 







S1 1 S2 1 
Simulated Values --- Measured Valnes 
Figure 5-11 :  Polar plot of Ferrite sample in rectangular waveguide 
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Figure 5-12: Ferrite sample result from rectangular waveguide. 
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Figure 5-12: Continued. 
The stability of values can be obtained when environmental factors are maintained 




The primary goal of this thesis was to establish a convenient method for 
measuring the complex permeability and permittivity of materials simply and effectively. 
Two transmission lines, one the coaxial TEM mode and the other a rectangular 
waveguide with TE10 mode, were chosen and compared. Though finding material 
properties using Rectangular waveguides has been known for many years and much 
research has been done with it, different applications require different modes of 
transmission, sample size and frequency. The availability and complexity of waveguide 
was always an issue. Coaxial line testing gives an alternative approach to determine the 
dielectric material properties with smaller samples, less time, and more effectively. The 
results presented in this thesis not only a compares different methods, but also give a 
framework for integrating modern measuring techniques. However, the selection of the 
length of the unknown material is still an issue. There exists an uncertainty in the results 
when the length selected is larger than required. For example the length of Teflon was 
chosen to be 1" to demonstrate the effect. 
Figures 6-1 and 6-2 show the effect at higher frequencies. The effective 
wavelength [ 11] inside the material plays an important role. It is seen that values are 
more discrepant at very high frequencies when the particular sample length is comparable 
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Figure 6-2: Relative permittivity measurement result Teflon sample. 
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and permittivity [12]. Nevertheless the method developed is reasonably accurate and 
efficient for materials with lower loss. 
Future Research work 
The main goal of this thesis is to compare and develop a simple method to 
determine dielectric material properties. More work can be done to improve the method 
and more error correction algorithms can be used to avoid errors due to environmental 
factors and uncertainty. 
The measurement of material properties is almost instantaneous when modem 
network analyzers and software are used. The same concept can be applied when 
designing high frequency RF phase shifters with coaxial lines. A coil wound around the 
structure would help in applying a bias field to samples like ferrite that have different 
material properties under the influence of external magnetic field. This means that 
electromagnetic properties of the ferrite material can be measured with the magnetic bias 
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Adapter Removal Calibration Using 8720E/ES/ and 8753E/ES Analyzers 
To measure a non-insertable device, follow the steps below. Note: The adapter removal 
calibration requires the network analyzer to have the latest firmware. To check if this is 
available, select CAL, MORE, Adapter Removal, Help Adapter Removal. If instructions 
are shown, you can proceed. 
A non-insertable device has: 
--->The same connector type and sex on both ports. For example, a fixture with two 
female SMA connectors, or a cable with two male type-N connectors 
--->An adapter with SMA male and type-N female (or any combination connector type 
and sex) 
---> Only recognized cal kit standards are available. SSMA, SMX, GPO and similar 
connectors have no recognized traceable cal kit standards. A calibration kit for the 
connector type(s) is required to do this.:. 
Step 1. Verify the analyzer can accommodate adapter removal calibration; select CAL, 
MORE, Adapter Removal, Help Adapter Removal. If instructions are shown, you can 
proceed. 
Step 2. Determine the adapter's delay. To do this, perform an S1 1 1-port calibration. 
Attach the Adapter to port 1, and attach the short from the cal kit for port 2 to adapter. 
You must know the short's delay! This can be found in the cal kit definition for the short 
in use. Or you could measure it. Once you measure the delay of adapter plus short, divide 
this number by two. Then subtract the delay of the short from that, and you can enter this 
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value as in step 13 below. Typical short delays: 85052D short=31.7psec; 85033D 
short=31.8psec 
Step 3 .  You MUST use the floppy disk to store the following calibrations. To select the 
floppy, select SA VE/RECALL, SELECT DISK, INTERNAL DISK. 
Step 4. Connect adapter (same sex and connector type as the Device Under Test, DUT) to 
port 2. 
Step 5. Perform a full 2-port calibration between ports 1 and 2. Save the calibration by 
selecting SA VE/RECALL, SA VE STATE. Rename file as "CALPORTl "  
Step 6. Connect the same adapter (same sex and connector type as the Device Under 
Test, DUT) to port 1. 
Step 7. Perform a full 2-port calibration between ports 1 and 2. Save the calibration by 
selecting SA VE/RECALL, SA VE STATE. Rename file as "CALPORT2" 
Step 8 .  Press "RECALL CAL SETS" (in the CAL, More, "Adapter Removal" menu) 
Step 9.  Select the file that contains the cal port 1 (where adapter was on port 2) 
Step 10. Press RECALL cal port 1 
Step 11. Select the file that contains the cal port 2 (where adapter was on port 1) by 
turning the knob 
Step 12. Press RECALL cal port 2, RETURN 
Step 13. Press ADAPTER DELAY. Enter delay value from step 2 above. Choose COAX 
or Wave guide type. 
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Step 14. Press REMOVE ADAPTER. Then press SA VE/RECALL, SELECT DISK, 
INTERNAL MEMORY,RETURN, SAVE STATE, RETURN. You can now remove the 
adapter from the test setup and insert the DUT. 
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Appendix B 
To measure the offset delay, try this: After calibration, put a marker on the trace at 1 
GHz. With the analyzer in the Smith Chart display format, activate port extensions. For 
the 85033D, dial in a port extension of 31.8 ps, and you will see that the trace converges 
on infinity when measuring the open standard. Look at the marker readout, where it 
shows inductance and capacitance. Now adjust the port extension until the marker 
readout shows 49 femtoFarads (this is Co of the open). The expected port extension value 




Figure C-1 shows a rectangular wave guide with inner dimensions a and b, the 
width and height respectively 




,,/ (a, 0, 0) 
Figure C-1 :  Rectangular waveguide. 
The inside of the waveguide is filled with air and the electromagnetic waves propagate 
inside it. Unlike coaxial lines, rectangular waveguides do not support TEM waves. 
Consider a waveguide loaded with a material other than air with permittivity E and 
permeability µ. 
For TE waves, E z = 0 and 
( a
2 a 2 2 ) 
-2 + -2 + kc hz <x, y) = O, ax dy 
(C. 1 )  
where H z <x, y) = hz (x, y)e-r z and y
2 = k/ - k 2 . 
Applying the method of separation of variables, the solution of (3 . 1 ) can be written as 
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where k 2 = k 2 + k 2 • C X y 
Boundary conditions 
Since, 
eY (x, y) = 0, 
at y = 0, b ,  
at x = 0, a. , 
E =
- jmµ aHZ 
X k 2 a and E =
jmµ aHZ 




Applying the boundary conditions, D = 0, k, = n; for n = 0,1,2,.. . and 
B = 0, kx = 
mn for m = 0,1, 2, . . .  
a 
mn x nll y _ 
H z (x, y, z) = � cos--cos-- e  r z a b 




_ - jmµmn . mll x nn y -r z (C S) Ey (x,y,z) - 2 Amn sm--cos--e , kc a a b 
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_ j f3 mn . mn x nn y -r z Hx (x, y, z) - 2 Amn sm --cos--e , kc a a b 
_ jfl nn mn x . nn y -r z HY (x, y, z) - 2 Amn cos--sm --e , kc b a b 
The propagation constant is 
where 




1 m1l + n1l 
( )2 ( )2 






Note that k = m.fjii where k is the wave number, OJ is the angular frequency in 
radian/s, µ is the permeability of the medium, and £ is the permittivity of the medium. 
The mode with the lowest cutoff frequency is called the dominant mode; since a >  b for 
our waveguide the dominant mode is TE 10 with cutoff frequency 
Rewriting 




for k > kc or f > fc , the phase constant /3 is real thus there are one or more propagating 
modes. For k < kc or f < fc , the phase constant /J is imaginary and the field 
components decay exponentially from where they are excited. These modes are called 
evanescent modes. 
If more than one mode is propagating the waveguide, it is said to be overmoded. The 
wave impedance is given by 
E - E krJ 
Z
TE 
= -x = --y = -.- ,  
HY Hx - Jy 
(C.16) 
The wave impedance is real for propagating modes while it is imaginary for evanescent 
modes. The wavelength inside the waveguide is defined as the distance between two 
equal phase planes along the waveguide, and is given by 
A = 2n >
2n = A 
g - jy k 
(C.17) 
Thus the guide wavelength is longer than the free-space wavelength. Similarly, the phase 
velocity of the wave inside the guide is larger than the phase velocity of the wave in free-
space, 
In the TE10 mode, 
{J) OJ l 
V = -- > - = -- . 
p - jy k fjie 
- A 1l x -r z Hz w COS - e  a 
E - - jm µ a A . 
1l x -r z 







H ( ) - j /3 a A . 1l x -r z x x, y, z - -- 10 sm -e , 
1l a 
E = H = E  = 0  
X y Z 
1l k
c
= - , 
a 
r = � -
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